Exposure of animals to hyperoxia results in lung injury that is characterized by apoptosis and necrosis of the alveolar epithelium and endothelium. The mechanism by which hyperoxia results in cell death, however, remains unclear. We sought to test the hypothesis that exposure to hyperoxia causes mitochondria-dependent apoptosis that requires the generation of reactive oxygen species from mitochondrial electron transport. Rat1a cells exposed to hyperoxia underwent apoptosis characterized by the release of cytochrome c, activation of caspase-9, and nuclear fragmentation that was prevented by the overexpression of Bcl-X L. Murine embryonic fibroblasts from bax ؊/؊ bak ؊/؊ mice were resistant to hyperoxia-induced cell death. The administration of the antioxidants manganese (III) tetrakis (4-benzoic acid) porphyrin, ebselen, and N-acetylcysteine failed to prevent cell death following exposure to hyperoxia. Human fibrosarcoma cells (HT1080) lacking mitochondrial DNA ( 0 cells) that failed to generate reactive oxygen species during exposure to hyperoxia were not protected against cell death following exposure to hyperoxia. We conclude that exposure to hyperoxia results in apoptosis that requires Bax or Bak and can be prevented by the overexpression of Bcl-X L . The mitochondrial generation of reactive oxygen species is not required for cell death following exposure to hyperoxia.
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Exposure of animals to hyperoxia results in lung injury that is characterized by apoptosis and necrosis of the alveolar epithelium and endothelium. The mechanism by which hyperoxia results in cell death, however, remains unclear. We sought to test the hypothesis that exposure to hyperoxia causes mitochondria-dependent apoptosis that requires the generation of reactive oxygen species from mitochondrial electron transport. Rat1a cells exposed to hyperoxia underwent apoptosis characterized by the release of cytochrome c, activation of caspase-9, and nuclear fragmentation that was prevented by the overexpression of Bcl-X L. Murine embryonic fibroblasts from bax ؊/؊ bak ؊/؊ mice were resistant to hyperoxia-induced cell death. The administration of the antioxidants manganese (III) tetrakis (4-benzoic acid) porphyrin, ebselen, and N-acetylcysteine failed to prevent cell death following exposure to hyperoxia. Human fibrosarcoma cells (HT1080) lacking mitochondrial DNA ( 0 cells) that failed to generate reactive oxygen species during exposure to hyperoxia were not protected against cell death following exposure to hyperoxia. We conclude that exposure to hyperoxia results in apoptosis that requires Bax or Bak and can be prevented by the overexpression of Bcl-X L . The mitochondrial generation of reactive oxygen species is not required for cell death following exposure to hyperoxia.
Exposure of normal animals to 100% oxygen for 48 -72 h causes respiratory failure and death (1, 2) . Examination of the lungs of animals that die following exposure to hyperoxia reveals a pattern of injury similar to that seen in patients with the acute respiratory distress syndrome with both apoptosis and necrosis of the alveolar endothelium and epithelium. Several groups of investigators have demonstrated that cultured cells undergo apoptosis following exposure to hyperoxia; however, the mechanisms by which hyperoxia induces apoptosis have not been elucidated (2, 4 -6) .
The intracellular production of reactive oxygen species during exposure to hyperoxia is widely held to be responsible for both the lung injury seen in intact animals and the death of cells in culture following exposure to hyperoxia. In whole lung homogenates, cells in culture, and isolated mitochondria, exposure to hyperoxia increases the intracellular production of reactive oxygen species (ROS) 1 (7) (8) (9) (10) . Most of these excess ROS are generated in the mitochondria through an increased flux of electrons through the ubisemiquinone/ubiquinone pathway at site III in the mitochondrial electron transport chain (8, 10) . These ROS are thought to be responsible for the induction of necrosis and apoptosis in cultured cells and the lung injury in animals observed following exposure to hyperoxia (11) .
Many stimuli that cause cell death (e.g. growth factor withdrawal, the chemotherapeutic agent staurosporine, and ultraviolet radiation) result in permeabilization of the mitochondrial membrane with the release of cytochrome c (reviewed in Ref. 12 ). This mitochondria-dependent apoptosis is initiated by the translocation or activation of the proapoptotic Bcl-2 family members Bax or Bak and prevented by the overexpression of anti-apoptotic molecules from the same family (Bcl-X L or Bcl-2) (13). Permeabilization of the outer mitochondrial membrane results in release of cytochrome c into the cytosol, where it combines with Apaf-1 to activate caspase-9 in the apoptosome. Caspase-9 then activates the terminal caspase cascade, resulting in apoptosis (14) . In animal models of hyperoxic lung injury, investigators have reported alterations in the expression of both proapoptotic and anti-apoptotic proteins of the Bcl-2 family (15, 16) . It is not known, however, whether the expression of these proteins is required for or can prevent cell death following exposure to hyperoxia.
We sought to test the hypothesis that exposure to hyperoxia triggers mitochondria-dependent apoptosis that requires the generation of ROS from mitochondrial electron transport. Consistent with this hypothesis, we found that exposure to hyperoxia caused apoptosis through a mechanism that required Bax or Bak and was inhibited by Bcl-X L . Surprisingly, however, neither the mitochondrial generation of reactive oxygen species nor a functional electron transport chain was required for cell death.
EXPERIMENTAL PROCEDURES
Cell Culture and Oxygen Environment of the Cells-Rat1a cells and HT1080 fibrosarcoma cells were cultured in serum-free Dulbecco's modified essential medium supplemented with penicillin (100 units/ml), streptomycin (100 g/ml), 20 mM HEPES, and 10% heat-inactivated fetal calf serum (37°C, 5% CO 2 ). Cell lines were passaged every 2-3 days and were discarded after 65 generations. Rat1a cells constitutively overexpressing Bcl-X L and empty plasmid encoding neomycin resistance (control cells) were a kind gift from Dr. N. Hay (17) . The 0 HT1080 fibrosarcoma cells were generated by incubating wild type cells in medium containing ethidium bromide (100 ng/ml), sodium pyruvate (1 mM), and uridine (100 g/ml) for 3-5 weeks (18, 19) . Murine embryonic * This work was supported by National Institutes of Health Grants HL67835-01 (to G. R. S. B.) and GM60472 (to N. S. C.), the American Lung Association, and the Crane Asthma Center. The costs of publication of this article were defrayed in part by the payment of page charges. This article must therefore be hereby marked "advertisement" in accordance with 18 U.S.C. Section 1734 solely to indicate this fact.
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fibroblasts from wild type and bax Ϫ/Ϫ bak Ϫ/Ϫ mice were a kind gift from Dr. Craig B. Thompson (20) . These cells were immortalized with simian virus 40 (5 plaque-forming units/cell), a kind gift of Dr. Kathleen Rundell (21) . Cells were exposed to hyperoxia (95% O 2 , 5% CO 2 ) or normoxia (21% O 2 , 5% CO 2 , 74% N 2 ) in sealed, humidified 1-liter glass chambers at 37°C. The chambers were continuously perfused with the appropriate gas mixture at a flow rate of 4 liters/min. Medium volume loss is Ͻ3% over 72 h in this system. All experiments were performed with cells at 15-20% confluence at the beginning of the experiment.
Mitochondrial Membrane Potential-After exposure to hyperoxia or normoxia for the indicated time, the cells were removed from the plate using trypsin (0.25%), which was subsequently inactivated with medium. The cells were centrifuged (200 ϫ g for 5 min) and then resuspended in PBS containing tetramethyrhodamine ethyl ester (TMRE) (2 M) and carbonyl cyanide p-trifluoromethoxyphenylhydrazone (10 M) where indicated for 30 min. TMRE is a cationic dye that accumulates in the mitochondria in proportion to the mitochondrial membrane potential. TMRE fluorescence was measured using fluorescence-activated cell sorting analysis (FACS) (22) .
Lactate Dehydrogenase (LDH) Release-LDH release was measured using a commercially available assay (Cytotoxicity Detection Kit; Roche Molecular Biochemicals). After gentle agitation, 500 l of medium was removed, and the remaining cells were lysed by adding the same volume of 1% Triton X-100. After 30 min, 500 l of the lysate was removed. The samples were incubated (30 min) with buffer containing NAD ϩ , lactate, and tetrazolium. LDH converts lactate to pyruvate generating NADH. The NADH then reduces tetrazolium (yellow) to formazan (red), which was detected by flourescence (490 mm). LDH release is expressed as the ratio of the LDH in the medium over the total LDH (lysate).
Fragmented DNA-Histone Complexes and DAPI Staining for Nuclear Morphology (Apoptosis)-DNA-histone complexes were measured using a commercially available assay (Roche Molecular Biochemicals). Cell lysates were placed in a streptavidin-coated microplate with a mixture of anti-histone-biotin and anti-DNA peroxidase-conjugated mouse monoclonal antibody and incubated for 2 h. The anti-histone biotinlabeled antibody binds to the histone component of the nucleosomes and fixes the immunocomplex to the streptavidin-coated microplate. The peroxidase-conjugated mouse monoclonal antibody binds the DNA component of the nucleosomes and uses 2,2Ј-azino-bis(3-ethylbenzthiazolin-6-sulfonate). After washing, nucleosome concentration is determined photometrically. Values are expressed as the -fold induction over normoxic controls. Nuclear morphology was assessed with DAPI staining as previously described (23) . Briefly, floating cells were aspirated, and adherent cells were removed from the plate using phosphate-buffered saline without calcium or magnesium (PBS) containing 1 mM EDTA. Floating and adherent cells were combined and incubated with 0.15% glutaraldehyde (15 min, 25°C), centrifuged and resuspended in 80 l of DAPI (10 g/ml, 15 min, 37°C), and then placed on a slide for fluorescence microscopy. Nuclei were scored as apoptotic if they demonstrated nuclear fragmentation or condensation and reported as the percentage of total cells counted (100 cells).
Caspase-9 Activation-Caspase-9 activity was measured using a commercially available kit (R & D Systems). At the designated time, the cells were removed from the plate with 5 mM EDTA in PBS, combined with the supernatant, centrifuged, washed twice in PBS, and then lysed. The supernatant was then incubated with a caspase-9-specific peptide connected to a fluorescent reporter molecule, 7-amino-4-trifluoromethyl coumarin, and fluorescence was measured. Values are expressed as -fold induction over untreated cells.
Cell Cycle Analysis-Adherent cells were removed from the plate with calcium-free PBS containing 5 mM EDTA, washed, and incubated overnight in 95% ethanol (4°C). The cells were then incubated in stain solution (propidium iodide (50 g/ml), RNase, (180 units/ml), Triton X-100 (0.1%), citrate buffer (4 mM), and polyethylene glycol (3%)) at a concentration of 1 ϫ 10 6 cells/ml. The solution was briefly vortexed, and an equal volume of salt solution (propidium iodide (50 g/ml), Triton X-100 (0.1%), NaCl (4 M), and polyethylene glycol (3%)) was added (24) .
Cytochrome c Release-Cells grown to 20 -40% confluence were exposed to hyperoxia for the times shown. Adherent cells were removed using PBS/EDTA (1 mM), washed, and spun onto glass slides (Cytospin 3, Thermo Shandon, 200 ϫ g, 5 min). The cells were fixed with a 1:1 mixture of methanol and acetone (5 min, Ϫ20°C), blocked in 1% bovine serum albumin in PBS (30 min, 25°C), and incubated with 1 g of anti-cytochrome c antibody (clone 6H2.B4; PharMingen) per ml of 1% bovine serum albumin in PBS (120 min, 37°C). The cells were washed four times with 1% bovine serum albumin in PBS (15 min each), incubated with 1 g of tetramethylrhodamine isothiocyanate-conjugated anti-mouse antibody (Jackson ImmunoResearch, West Grove, PA) (60 min, 37°C), and washed as above. The slides were mounted with DAPI/DABCO (Molecular Probes, Inc., Eugene, OR) (25) . Cytochrome c release was assessed with fluorescence microscopy. Fluorescent photos were obtained with a 12-bit cooled Hamamatsu CCD camera and analyzed with Openlab 3.0 software (Improvision). Appropriate filters were used to detect rhodamine and DAPI. Single fluorophore images were collected, and an overlay of the images was then created. Cells were counted as having released cytochrome c if there was a loss of punctuate staining. Approximately 100 cells were counted for each condition (average of 5-10 fields). Results are expressed as cells releasing cytochrome c as a fraction of total cells.
For immunoblotting, cells were grown to 60 -70% confluence on five 100-mm plates per condition and exposed to air or hyperoxia for 60 h. Adherent and floating cells were removed (PBS/EDTA, 1 mM), washed, and resuspended in sucrose buffer (250 mM sucrose, 20 mM HEPES, pH 7.5, 2 mM MgCl 2 , 1 mM NaEDTA, 1 mM phenylmethylsulfonyl fluoride, 1 mM dithiothreitol) on ice for 30 min. The cells were then centrifuged and resuspended in an equal volume of sucrose buffer and transferred to a Dounce homogenizer (10 strokes). The nuclei and cell debris were removed by centrifugation (400 ϫ g, 5 min, 4°C). The supernatant was then centrifuged (20,000 ϫ g, 15 min, 4°C). The resulting supernatant (cytosolic fraction) was used for the analysis. A whole cell lysate was prepared by incubating cells in lysis buffer for 2 min followed by sonication (30 s) as a positive control. Cytosolic or mitochondrial fractions (80 g) were mixed with sample loading buffer (125 mM Tris base (pH 6.8), 4% (w/v) SDS, 20% (v/v) glycerol, 200 mM dithiothreitol, 0.02% (w/v) bromphenol blue). After heating, the protein was resolved on an SDS-15% polyacrylamide gel and transferred to a Hybond-ECL nitrocellulose membrane (Amersham Biosciences). After transfer, the gel was stained with Ponceau S to verify uniform loading and transfer. Membranes were blocked with 5% (w/v) nonfat milk in TBS-T (100 mM Tris base (pH 7.5), 0.9% (w/v) NaCl, 0.1% (v/v) Tween 20) for 2 h at room temperature and subsequently incubated with 1 g of the 7H8.2C12 anti-cytochrome c antibody (Pharmingen) per ml or with 0.5 g of 20E8-C12 anti-cytochrome c oxidase subunit IV antibody (Molecular Probes) per ml overnight at 4°C. The membrane was washed with TBS-T three times and incubated for 1.5 h at room temperature with horseradish peroxidase-conjugated secondary antibody (Amersham Biosciences). The membrane was washed three times with TBS-T and analyzed by enhanced chemiluminescence (Amersham Biosciences) (23, 26, 27) .
Measurement of Reactive Oxygen Species-Cells were washed with PBS and then loaded with 5-(and 6)-chloromethyl-2Ј,7Ј-dichlorodihydrofluorescein diacetate (CM-H 2 DCFDA) (10 M) for 30 min in modified Eagle's medium without phenol red. The acetoxymethyl group on CM-H 2 DCFDA is cleaved by nonspecific esterases within the cell, resulting in a charged molecule that does not cross the cell membrane. Intracellular generation of H 2 O 2 irreversibly oxidizes the dye causing it to fluoresce (28) . Cells loaded with CM-H 2 DCFDA were exposed to normoxia (21% O 2 ), hyperoxia (95% O 2 ), or antimycin A (10 g/ml) for 6 h in the presence of the CM-H 2 DCFDA (10 M) as described above. All procedures were carried out in the dark. After the exposure, the cells were washed and removed from the plate (PBS/EDTA, 1 mM), centrifuged (200 ϫ g for 5 min), and resuspendend in PBS, and fluorescence was measured using FACS analysis.
Statistical Analysis-One-way analysis of variance was used to test for significant differences in measured variables between groups. Where the F statistic indicated a significant difference, individual differences were explored using the Bonferroni correction for multiple comparisons. Statistical significance was determined at the 0.05 level.
RESULTS

Cell Death following Exposure to Hyperoxia Occurs through a
Mitochondria-dependent Pathway-Rat1a cells stably transfected with Bcl-X L or empty plasmid (control-transfected cells) were exposed to hyperoxia for 72 h. The constitutive overexpression of Bcl-X L prevented cell death following exposure to hyperoxia (Fig. 1a) . Untransfected Rat1a cells die at a rate similar to control transfected cells (data not shown). To confirm that cell death following exposure to hyperoxia was apoptotic, Rat1a cells were exposed to hyperoxia for 72 h, and DNA fragmentation was assessed. Control transfected cells had similar increases in LDH release and DNA fragmentation following exposure to hyperoxia, whereas Bcl-X L -transfected cells did not show increases in DNA fragmentation above that observed in control cells (Fig. 1b) .
The protection conferred by overexpression of Bcl-X L against apoptosis in response to hyperoxia suggests that hyperoxiainduced apoptosis occurs via a mitochondria-dependent pathway. To further investigate this hypothesis, we measured the activation of caspase-9 and the release of cytochrome c into the cytosol at the time when the cells committed to die during exposure to hyperoxia. To determine the duration of exposure to hyperoxia necessary to induce a commitment to die, Rat1a cells transfected with control vector or Bcl-X L were exposed to hyperoxia for 24, 32, and 40 h and then brought back to 21% oxygen for 48, 40, and 32 h, respectively. Then cell death was measured. Cell death after 40 h of exposure to hyperoxia was similar to that seen after 72 h of exposure to hyperoxia, suggesting that the cells committed to die between 32-40 h of exposure to hyperoxia (Fig. 2a) . We measured caspase-9 activation before and after the commitment to die. The timing of caspase-9 activation paralleled the timing of the commitment to die (Fig. 2b) . In concordance with these findings, the percentage of control transfected cells that had released cytochrome c was increased after 40 h of exposure to hyperoxia when compared with normoxic controls (Fig. 3) . Other investigators have shown that Rat1a cells are relatively resistant to CD95L-induced apoptosis (29) . We found no significant activation of caspase-8 following exposure to hyperoxia for 40 h (data not shown).
Bax or Bak Are Required for Cell Death following Exposure to Hyperoxia-Stimuli that induce apoptosis through a mitochondria-dependent pathway have been shown to require the proapoptotic Bcl-2 family members Bax or Bak. Cells deficient in Bax and Bak have been shown to be resistant to multiple proapoptotic stimuli including the administration of chemotherapeutic drugs, growth factor withdrawal, and ultraviolet radiation but continue to undergo apoptosis upon exposure to CD95L (20) . To confirm that hyperoxic cell killing required Bcl-2 proteins, we exposed immortalized murine embryonic fibroblasts isolated from mice deficient in both Bax and Bak (bax Ϫ/Ϫ bak Ϫ/Ϫ ) and wild type controls to hyperoxia for 72 h and measured cell death. Cells lacking Bax and Bak were protected against exposure to hyperoxia, indicating that Bax or Bak are required for cell death following exposure to hyperoxia (Fig. 4) .
Exposure to Hyperoxia Does Not Result in Early Mitochondrial Membrane
Depolarization-Depolarization or hyperpolarization of the mitochondrial membrane has been observed before the commitment to die following the administration of a number of apoptotic stimuli that act through a mitochondriadependent pathway. Therefore, we measured the mitochondrial membrane potential in control and Bcl-X L -transfected cells before and after the commitment to die. In control transfected cells, the mitochondrial membrane potential was maintained following up to 32 h of exposure to hyperoxia after which a population of markedly depolarized cells was observed. In cells overexpressing Bcl-X L , the mitochondrial membrane potential did not change following exposure to hyperoxia (Fig. 5 ). These results demonstrate that a significant fall in mitochon-
FIG. 1. Overexpression of Bcl-X L prevents apoptosis following exposure to hyperoxia. a, Rat1a cells stably overexpressing a control vector for neomycin resistance (neo) (open bars) or Bcl-X L (gray bars)
were exposed to continuous hyperoxia in sealed humidified 1-liter chambers perfused with 95% O 2 , 5% CO 2 or 21% O 2 , 5% CO 2 , 74% N 2 at 4 liters/min for 72 h, and cell death was measured by LDH release. b and c, to determine whether the observed cell death was apoptotic, control and Bcl-X L -transfected cells were exposed to hyperoxia for 72 h, and LDH activity, DNA fragmentation, and nuclear morphology (DAPI staining) were measured. LDH and DNA fragmentation are expressed as -fold induction over normoxic control transfected cells. The results of five independent experiments are shown Ϯ S.E. *, p Ͻ 0.05 compared with control transfected cells at normoxia.
FIG. 2. The commitment to die following exposure to hyperoxia is associated with the activation of caspase-9. a, Rat1a cells stably expressing the vector for neomycin resistance (open bars) or
Bcl-X L (gray bars) were exposed to hyperoxia (95% O 2 ) for the times indicated, after which they were returned to normal oxygen conditions (21% O 2 ), and cell death was measured by LDH release after 72 h. Control cells were exposed to 21% O 2 for 72 h. The results of four independent experiments are shown. *, p Ͻ 0.05 for comparison between control and Bcl-X L -transfected cells. b, caspase-9 activity was measured after 24, 32, or 40 h of exposure to hyperoxia. The results of five independent experiments are shown. *, p Ͻ 0.05 for comparison between control and Bcl-X L -transfected cells Ϯ S.E. drial membrane potential does not precede the commitment to die following exposure to hyperoxia.
The Overexpression of Bcl-X L Does Not Prevent Cell Cycle Arrest following Exposure to Hyperoxia-Several groups of in-
vestigators have proposed that exposure to hyperoxia might result in DNA damage, causing both growth arrest and apoptosis (reviewed in Ref. 30 ). These investigators have demonstrated that hyperoxia results in growth arrest in both the G 0 and S phases of the cell cycle, perhaps suggesting two distinct mechanisms of hyperoxia-induced growth arrest. This growth arrest might protect or sensitize cells to hyperoxia-induced apoptosis. To determine whether Bcl-X L prevented hyperoxiainduced cell cycle arrest, we exposed cells that overexpress Bcl-X L to hyperoxia for 48 h (a dose of hyperoxia that is lethal to control transfected cells) and measured the percentage of cells in each stage of the cell cycle. Overexpression of Bcl-X L did not prevent the S phase cell cycle arrest observed after 48 h of exposure to hyperoxia (Fig. 6) . These results are similar to those of Strasser et al., who demonstrated that apoptosis but not cell cycle arrest following exposure to ultraviolet irradiation was prevented by the overexpression of Bcl-X L in T lymphoma cells (31) .
Cell Death following Exposure to Hyperoxia Does Not Require the Mitochondrial Generation of Reactive Oxygen Species-
Compared with cells exposed to 21% O 2 , cells exposed to hyperoxia generate excess reactive oxygen species from the mitochondria (8, 10) . These ROS have been widely hypothesized to be responsible for cell death following exposure to hyperoxia. We therefore sought to determine whether abrogation of the mitochondrial generation of reactive oxygen species prevented mitochondria-dependent apoptosis following exposure to hyperoxia. Control transfected Rat1a cells were pretreated with antioxidants for 30 min and then exposed to 72 h of continuous hyperoxia in the presence of these antioxidants (Fig. 7a) . Neither ebselen (a glutathione peroxidase mimetic), Mn(III) TBAP (a superoxide dismutase mimetic), the combination of ebselen and Mn(III) TBAP, nor N-acetylcysteine prevented cell death following exposure to hyperoxia. Both the combination of Mn(III) TBAP with ebselen and with N-acetylcysteine prevented the increase in fluorescence of CM-H 2 DCFDA seen following exposure to antimycin A (10 g/ml) for 6 h (data not shown).
The failure of these antioxidants to prevent hyperoxia-induced cell death suggested that cell death following exposure to hyperoxia might not require the mitochondrial generation of ROS. To further test this hypothesis, we generated 0 HT1080 cells and exposed them to hyperoxia. These cells lack mitochondrial DNA and are therefore unable to generate ROS from electron transport. Wild type HT1080 cells but not 0 HT1080 cells demonstrated significant increases in CM-H 2 DCFDA fluorescence, a measure of H 2 O 2 production, following exposure to hyperoxia (6 h). Whereas 0 HT1080 cells demonstrated a small increase in CM-H 2 DCFDA fluorescence in response to antimycin A (10 g/ml), this response was markedly less than that observed in wild type cells (Fig. 7) . Nevertheless, cell death following exposure to hyperoxia for 72 h was similar in 0 cells and wild type controls (Fig. 8) . Consistent with these findings, a similar percentage of 0 cells and wild type cells had released cytochrome c after 40 h of exposure to hyperoxia (Fig. 8) . These results suggest that neither the mitochondrial generation of reactive oxygen species nor a functional electron transport chain is required for cell death following exposure to hyperoxia. DISCUSSION We sought to determine the mechanism by which exposure to hyperoxia results in cell death in cultured cells. We found that exposure to hyperoxia causes apoptosis through a mitochondria- dependent pathway and can be prevented by the overexpression of Bcl-X L (Fig. 9 ). Exposure to hyperoxia results in the release of cytochrome c from the intermembrane space into the cytosol accompanied by depolarization of the mitochondrial membrane potential. The release of cytochrome c is associated with the activation of caspase-9 and the commitment of the cells to die. Bcl-X L prevents apoptosis following exposure to hyperoxia by preventing changes in the mitochondrial membrane potential, cytochrome c release, and caspase-9 activation. The overexpression of Bcl-X L did not prevent growth arrest in S phase following exposure to hyperoxia. Recently, Wei et al. and Lindsten et al. have demonstrated that multiple stimuli that trigger mitochondria-dependent apoptosis including growth factor withdrawal, UV irradiation, etoposide, staurosporine, and thapsigargan require the presence of Bax or Bak (20, 32) . Lymphocytes from these animals remain sensitive to receptor-mediated (CD95L) apoptosis. Mitochondria-dependent apoptotic stimuli cause translocation of Bax and Bak from the cytosol to the mitochondria, where they cause mitochondrial membrane permeabilization. Antiapoptotic members of the Bcl-2 family (e.g. Bcl-2 and Bcl-X L ) inhibit mitochondrial permeabilization by sequestering or preventing the activation of Bax and Bak (33) . Our finding that Bax or Bak are required for and Bcl-X L prevents apoptosis following exposure to hyperoxia is consistent with this hypothesis.
Our results indicating that Bcl-2 family members regulate cell death following exposure to hyperoxia might be used to explain the mechanism by which a variety of strategies protect against hyperoxia-induced lung injury. Pharmacologic pretreatment with or genetic overexpression of a number of inflammatory cytokines (tumor necrosis factor, IL-1␤, IL-6, IL-11, growth factors (insulin-like growth factor and keratinocyte growth factor)), the ␤ subunit of the Na ϩ K ϩ ATPase, and heme oxygenase 1 have been shown to protect animals from subsequent hyperoxic injury (reviewed in Ref. these animals, the expression of Bcl-2 was significantly increased. The antiapoptotic protein Akt attenuates mitochondriadependent apoptosis through a mechanism that acts in part through Bcl-2 proteins (34). In rats, Lu et al. (35) demonstrated that adenoviral overexpression of Akt attenuated hyperoxic lung injury.
Surprisingly, we were unable to prevent cell death following exposure to hyperoxia by administering exogenous antioxidants or preventing the formation of reactive oxygen species by the mitochondria. We exposed wild type Rat1a cells to hyperoxia in the presence of several antioxidants. Mn(III) TBAP is a superoxide dismutase mimetic, and ebselen is a glutathione peroxidase mimetic. The administration of Mn(III) TBAP should accelerate the conversion of the superoxide anion to H 2 O 2 , and ebselen should accelerate the conversion of H 2 O 2 to water. Neither of these agents, alone or in combination, prevented cell death following exposure to hyperoxia. The antioxidant N-acetylcysteine also failed to prevent cell death following exposure to hyperoxia. Mitochondrial ROS generation during exposure to hyperoxia might overwhelm antioxidant defense mechanisms even in the presence of exogenously administered antioxidants. To determine whether mitochondrial ROS are required for cell death following exposure to hyperoxia, we exposed cells depleted of mitochondrial DNA to hyperoxia. The mammalian mitochondrial DNA encodes 13 polypeptides including critical catalytic subunits for complex I (NADH dehydrogenase), complex III (Bcl complex), complex IV (cytochrome c oxidase), and the F 1 F 0 -ATP synthase (19, 36) . Cells lacking mitochondrial DNA contain intact mitochondria and undergo apoptosis with release of cytochrome c after growth factor withdrawal or the administration of staurosporine but are protected against cell death following exposure to anoxia (23, 37) . While an increase in CM-H 2 DCFDA fluorescence was not observed in 0 cells exposed to hyperoxia, a small increase in CM-H 2 DCFDA fluorescence was seen in the 0 cells following exposure to antimycin A. This increase appeared to affect the majority of the cell population (FACS). While the mechanism by which this occurs is not clear, the increase in fluorescence was substantially smaller than that observed in wild type cells. Despite this marked attenuation in intracellular ROS generation observed in the 0 cells following both exposure to hyperoxia and antimycin A, no reduction in cell death following exposure to hyperoxia was observed. These results, suggesting that the mitochondrial generation of reactive oxygen species is not required for cell death following exposure to hyperoxia, are consistent with those of Senturker et al. (38) , who demonstrated that apoptosis following administration of VP-16 and cisplatin did not require ROS generation in human B lymphoma cells.
In whole lung homogenates and in endothelial cells, several groups of investigators have demonstrated that the mitochondrial generation of ROS increases during exposure to hyperoxia (8, 10) . However, in 6 -8-week-old mice overexpressing manganese superoxide dismutase, the primary antioxidant enzyme in the mitochondria, Wispe et al. (39) reported that 80% of the animals died during the hyperoxic exposure (albeit 4 days later than controls). In 6 -8-week-old mice overexpressing extracellular superoxide dismutase, Folz et al. (40) found that several markers of lung injury were attenuated compared with wild type controls; mortality, however, was not significantly improved. White et al. (3) reported that death was delayed in older (5.5-month-old) transgenic mice overexpressing the copper-zinc superoxide dismutase, the major antioxidant enzyme in the cytosol. Younger transgenic mice (2.5 months old) all survived a 10-day exposure to hyperoxia (3). Some strategies that are effective at attenuating lung injury following exposure to hyperoxia (e.g. the overexpression of either IL-6 or heme oxygenase 1) do not effect the expression of antioxidant enzymes (6, 16) . Our data demonstrate that neither the mitochondrial generation of ROS nor a functional electron transport chain is required for cell death following exposure to hyperoxia in vitro. The generation of ROS during exposure to hyperoxia, however, might modulate other pathways contributing to lung injury in vivo.
In conclusion, exposure of cultured cells to hyperoxia results in mitochondria-dependent apoptosis that is prevented by the overexpression of Bcl-X L and requires the proapoptotic Bcl-2 family members Bax or Bak. Bcl-X L acts by preventing the release of cytochrome c from the mitochondria but does not prevent cell cycle arrest during exposure to hyperoxia. The mitochondrial generation of ROS is not required for cell death following exposure to hyperoxia. Further investigation is needed to determine the mechanism(s) by which exposure to hyperoxia activates Bax or Bak, triggering the process of cell death.
